Intrauterine dietary restriction may cause changes in the functioning of offspring organs and systems later in life, an effect known as fetal programming. The present study evaluated mRNA abundance and immunolocalization of nutrient transporters as well as enterocytes proliferation in the proximal, median and distal segments of small intestine of rats born to protein-restricted dams. Pregnant rats were fed hypoproteic (6 % protein) or control (17 % protein) diets, and offspring rats were evaluated at 3 and 16 weeks of age. The presence of SGLT1 (sodium-glucose co-transporter 1), GLUT2 (glucose transporter 2), PEPT1 (peptide transporter 1) and the intestinal proliferation were evaluated by immunohistochemical techniques and the abundance of specific mRNA for SGLT1, GLUT2 and PEPT1 was assessed by the real-time PCR technique. Rats born to protein-restricted dams showed higher cell proliferation in all intestinal segments and higher gene expression of SGLT1 and PEPT1 in the duodenum. Moreover, in adult animals born to protein-restricted dams the immunoreactivity of SGLT1, GLUT2 and PEPT1in the duodenum was more intense than in control rats. Taken together, the results indicate that changes in the small intestine observed in adulthood can be programmed during the gestation. In addition, they show that this response is caused by both up-regulation in transporter gene expression, a specific adaptation mechanism, and intestinal proliferation, an unspecific adaptation mechanism.
INTRODUCTION
Food restriction during intrauterine life has been reported to cause a number of disorders in adulthood, including obesity [1] . Epidemiological data and experimental research on this issue led to the concept of 'fetal programming' [2] , which has been shown to affect parameters such as cell count, organ structure and gene expression, although the mechanisms involved are not fully known [1] .
Different organs such as heart, kidney, lung and brain are affected by maternal undernutrition [3] . In fact, the offspring born to food-restricted dams shows a relative decrease in the weight of these organs despite a catch-up growth that results in markedly heavier adult offspring.
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As to the intestine, the studies about the later effects of maternal undernutrition on offspring show different results. Weaver et al. [4] did not observe changes in the small intestine length in rats born to protein-restricted dams at 21 days, 42 days and 1 year of age. However, the results obtained in our laboratory showed a decrease in small intestine weight at 4 months of age [4a] , and Timofeeva et al. [5] verified a decrease in jejunal mucosa weight at 6 months of age.
The small intestine is the main organ for digestion and absorption of nutrients [6] and evidence for its role in the aetiology of obesity is growing [7, 8] . In fact, an adaptive increase in absorption rates in which the normal absorptive capacity of intestine is exceeded is frequently observed in obese animals and is attributed to an overexpression of transporters [9, 10] .
Thus it is possible to admit that other alterations in the intestine, besides gross morphology, could be expected to be programmed by food restriction in the fetal life, mainly those related to nutrient transport.
Many absorption processes that take place in the small intestine depend on transport proteins in the enterocytes. GLUTs (glucose transporters) include the SGLT1 (sodium-glucose cotransporter 1) and GLUT2. SGLT1 carries glucose and galactose across the apical membrane of enterocytes [the BBM (brushborder membrane)] operating against a concentration gradient by an active sodium-coupled transport mechanism [11] . GLUT2 carries glucose from the enterocytes across the BLM (basolateral membrane). In addition, GLUT2 has been considered an alternative GLUT in BBM that is operative when the levels of products from the primary digestion of starch, such as disaccharides and α-limit dextrins, are increased [12, 13] .
Another transporter, specific to products of protein digestion, is PEPT1 (peptide transporter 1), which plays an important role in the transport of di-and tri-peptides [14, 15] . PEPT1 is considered one of the main routes for amino acid entry into enterocytes [16] and is expressed in different segments of the small intestine [17] .
The important role of transporters in food absorption and the lack of information about how they are affected by fetal programming have prompted the present study, which investigated gene expression and the immunolocalization of transporters in 3-and 16-week-old rats born to dams subjected to dietary protein restriction during gestation. This was achieved by the assessment of immunolocalization and gene expression of SGLT1, GLUT2 and PEPT1 transporters in the duodeneum, jejunum and ileum, and by determination of cell proliferation in the intestinal ephithelium of these segments.
MATERIALS AND METHODS

Ethics committee approval
The experimental protocol was approved by the Research Ethics Committee of the Bioscience Institute of the Universidade Estadual Paulista (UNESP).
Animal mating
Male (n = 8) and female (n = 16) adult Wistar rats were housed in polypropylene cages (33 cm × 45 cm × 17 cm) at a proportion of one male and two females to allow mating to occur. Females were inspected on the following day for the presence of sperm in their vaginal smear, which indicated the first day of gestation. Pregnant females were transferred to individual cages and fed according to the experimental group.
Experimental groups
Dam rats
Dam rats weighing 250.5 + − 13.9 g, were fed ad libitum on isocaloric hypoproteic (protein-restricted dams, n = 8) or normoproteic (control dams, n = 8) diets, containing 6 and 17 % protein respectively [18] (Table 1) . These diets were prepared in our laboratory. The female rats were fed these experimental diets until they gave birth. After this, they were fed on a diet containing 23 % CP (crude protein).
Offspring
During all lactation, four male and four female newborn rats were housed with their mother to ensure similar food supply conditions. After weaning, 21-day-old rats were transferred to individual cages and fed ad libitum the 23 % CP diet. Young males born to dams fed on a hypotroteic diet (6 %) during gestation were divided into two groups in a randomized way. The first group was studied at 3 weeks of age (PR3) and the second at 16 weeks of age (PR16). The control groups, C3 and C16, divided in a randomized way, were the same age as the experimental groups and comprised animals born to dams fed on a normoproteic (17 %) diet. Each group comprised eight male rats born to different dams. Female offpring were not included in the present study. The rats were weighed at birth, and at 3 and 16 weeks of age. Epididymal, retroperitoneal and visceral white adipose tissues were dissected and weighed at the end of the study and the adiposity index was calculated (the sum of all fat depots divided by body weight × 100) [19] .
During the experiments dams and offspring rats were housed in a temperature-controlled environment (22 • C) and maintained on a 12 h light/dark cycle with free access to food and water.
Immunohistochemistry
After the rats were killed with CO 2 and a median laparotomy performed, their small intestine was removed and sectioned into duodenum, jejunum and ileum. The duodenum corresponded to the first 10 cm of the small intestine immediately adjacent to the pylorus. The ileum corresponded to the last 10 cm of the small intestine immediately adjacent to the ileocecal valvule. The jejunum corresponded to the 10 cm of the middle of the small intestine. Each section was 15-25 cm away from the next segment. The segments were fixed with 10 % PFA (paraformaldehyde) in 0.1 M phosphate buffer, pH 7.4. Histological cuts were mounted onto silanized slides, deparaffined in xylene and alcohol and washed in PBS. There were ten sections of each animal. Prepared sections were subjected to reactions with specific antibodies (Table 2 ) and were incubated in a wet chamber at 4
• C overnight. After PBS washing sections were incubated with a secondary antibody for 1 h at room temperature ( Table 2) . Slides were washed again with PBS and immersed in avidin-biotinperoxidase solution for 45 min and then DAB (diaminobenzidine) for 5 min. In the final stage, slides were washed in tap water and contrasted with haematoxylin. Control samples were produced during the assays. Slides were photographed with an Axiophot 2 microscope coupled with a Zeiss AxioCam HR digital camera. Omission of the anti-GLUT-2, anti-SGLT1 and anti-PEPT1 antibodies in sections was used as negative control. The intensity of staining was graded on a scale of 0-3 + by an observer blinded to the group allocation and an average score was calculated. The 3 + and the 1 grades implied that the enterocytes showed 'high' and 'low' staining intensity respectively. As to the 0 grade, the enterocytes showed weak but distinct signs of labelling.
In order to quantify the cell nuclei marked with anti-PCNA (proliferating-cell nuclear antigen) monoclonal antibody, 1000 cells were counted for each rat and the result was expressed as positive PCNA cells/total cells. Slides were immersed in 0.01 M sodium citrate buffer, pH 6.0, and placed in a microwave oven at 700-800 W for 15 min. In order to block endogenous peroxidase activity, slides were immersed in 3 % (v/v) H 2 O 2 solution (in methanol) for 30 min. Next, they were incubated in 3 % (v/v) FBS (fetal bovine serum) albumin in PBS for 1 h to stop nonspecific reactions.
Analysis of gene expression: real-time PCR
Fractions of proximal, median and distal segments were subjected to RNA extraction with TRIzol ® reagent (Invitrogen Life Technologies). Synthesis of cDNA was performed from total RNA, using the SuperScript First SynthesisStrand System for the RT (reverse transcription)-PCR kit (Invitrogen Life Technologies). Gene expression of target genes (SGLT1, GLUT2 and PEPT1) was determined by the Power SYBR ® Green Master Mix kit (Applied Biosystems). In order to normalize the gene expression mRNA expression of the constitutive gene (β-actin) was used. Amplification reactions of the target genes were performed in 96-well plates containing Power SYBR ® Green Master Mix (Applied Biosystems), cDNA and the specific oligonucleotide primers shown in Table 3 . Differences in gene expression rates were normalized using β-actin expression as reference since this gene was considered to provide the best endogenous control. geNorm housekeeping gene selection was used to choose the best housekeeping gene for real-time PCR.
Statistical analysis
The response variables were submitted to the analysis of variance for two-level factors (offspring age: 3 and 16 weeks and dam diet: PR and C). All data, except fat index, were transformed to the logarithmic scale before the analysis in order to satisfy the constant variance assumption of the statistical analysis. When there was no interaction effect between the two factors, i.e., the F value for dam diet (D) × offspring age (A) was not significant, principal effects of each factor were estimated and tested. When the F value for the interaction effect was significant, simple effects of each factor were estimated fixing the level of the other factor. A Student's t test was conducted where appropriate. The staining scores were analysed by Mann-Whitney non-parametric test and the results are presented as medians (interquartile range).
RESULTS
Body weight and adiposity index
The mass of animals born to protein-restricted dams was lower (P < 0.05, Student's t test) than that born to control dams at birth (5. (P < 0.05, Student's t test) in animals born to protein-restricted dams (3.4 + − 0.13 compared with 2.9 + − 0.16 %).
Immunolocalization of intestinal nutrient transporters
Staining intensity scores (as rated by blind observer) showed that the duodenum villi of PR16 groups had more intense (MannWhitney test; P < 0.05) immunoreactivity to SGLT1, GLUT2 and PEPT1 in the apical membrane of enterocytes (BBM) when compared with control animals ( Figure 1 and Table 4 ). There was no difference between groups as to the presence of transporters in jejunum and ileum villi. Stained cells were not detected in the crypts.
Cell proliferation
The enterocyte proliferation of all intestinal segments was higher ( Figure 2 ) in animals born to dams protein-restricted than in those born to control dams. In the jejunum, there was interaction between factors (offspring age × dam diet, P = 3.0 × 10 − 4 ) and the statistic analysis showed that the effect of dam restriction was more intense in the young rats. Table 4 Staining scores of immunoreactivity to SGLT1, GLUT2 and PEPT1 in the apical membrane enterocytes in the duodenum villi of 16-week-old rats born to dams fed on a hypoproteic (6 % protein) or on a normoproteic (17 % mRNA expression of SGLT1, GLUT2 and PEPT1
Intrauterine protein restriction increased mRNA expression of SGLT1 (P < 0.05) and PEPT1 (P<0.05) in the duodenum (Figure 3) . However, such restriction did not affect the abundance of GLUT2 in the duodenum (P < 0.05). The transporters in the jejunum and ileum were not affected by protein restriction ( Table 5) .
Irrespective of protein restriction, the age influenced the mRNA expression. The gene expression of SGLT1 and PEPT1 was higher in duodenum of 16-week-old rats. In jejunum and ileum, the expression of all transporters was higher in 3-weekold rats, with the exception of PEPT1 in the ileum.
DISCUSSION
The novelty of the present study is to show that dietary protein restriction in pregnant rats has short-and long-term effects on the intestinal mucosa of their offspring, mainly on the expression of intestinal transporter genes. Moreover, rats born to proteinrestricted dams showed a more intense immunoreactivity for intestinal transporters than control rats. These effects were mainly detected in the duodenum.
Fetal malnutrition induces various physiological and metabolic alterations in humans and animals that can be considered as adaptations programmed to enhance chances of survival. In these individuals the brain receives more nutrient supply and its growth takes priority over organs such as the kidney, lung and pancreas which show a decrease in size [20] .
However, some changes provoke adverse consequences to the programmed offspring mainly when the nutrition is abundant later in life [20] . Thus this offspring can show obesity, diabetes and arterial hypertension, among other diseases. The observed effects have been attributed to phenotypic plasticity [21] by which a range of phenotypes are expressed from one genotype [22] . In fact, phenotypic plasticity allows an organism to exhibit different physiological and morphological states in response to alterations in environmental conditions [21] . In fetal programming, the cues for plasticity operate early in development and induce adjustments in the mature phenotype in an integrated way [22] .
Although the concept of fetal programming is widely accepted [23] , the mechanisms underlying the observed changes are not well understood. It is possible that the programmed alterations are a consequence of a multifactorial process, as occurs Figure 2 Cell proliferation (per 1000 cells) in the small intestine of 3-and 16-week-old rats born to dams fed on a hypoproteic (6 % protein, PR) or a normoproteic (17 % protein, C) diet during pregnancy Values are means + − S.E.M., n = 6-8 in each group. Statistical analysis was performed using two-way ANOVA. There was an interaction effect between dam diet and offspring age for jejunum (P = 2.6 × 10 − 3 ) but not for duodenum (P = 1.8 × 10 − 1 ) and ileum (P = 5.1 × 10 − 1 ). In the jejunum, the effect of dam restriction was more intense in the young rats.
* Significant difference between offspring born to protein-restricted dams and controls (P values are shown). Effects of offspring age are not shown (P values: duodenum = 1.0 × 10 − 2 , jejunum = 1.2 × 10
and ileum P = 4.8 × 10 − 14 ).
with the obesity caused by intrauterine growth-restriction. In fact, programming of orexigenic and anorexigenic regulatory mechanisms [3] and altered adipocyte metabolism [24] can partially be responsible for the obesity observed at adult age. Salt-driven hyperphagia also contributes to the weight gain and increased blood pressure observed in offspring exposed to a maternal low-protein diet in utero [25] . There was no interaction effect between dam diet and offspring age for SGLT1 (P = 1.2 × 10 − 1 ), PEPT1 (P = 6.8 × 10 − 1 ) and GLUT2 (P = 9.0 × 10 − 1 ). * Significant difference between the offspring born to control dams and protein-restricted dams for SGLT1 and PEPT1, but not for GLUT2 (P values are shown). Effects of offspring age are not indicated (P values: SGLT1 = 2.1 × 10 − 5 , PEPT1 = 6.2 × 10 − 6 and GLUT2 = 0.49).
Fetal programming provokes structural and functional alterations by affecting genes, cells, tissues and whole organs [2] . In the liver, for example, an increase in GLUT1 mRNA and insulin receptor, and a decrease in perivenous cell number and lobules number is observed as a consequence of dam undernutrition during gestation [2] .
The present study showed that alterations in the expression of SGLT1and PEPT1, but not GLUT2 transporters can also be programmed by environmental conditions that affect the offspring early in development.
In rats, SGLT1 and GLUT2 are expressed in the small intestine before birth, increase during lactation and reach their highest level at weaning. Both transporters are augmented by luminal glucose. However, there is a second pathway for SGLT1 that is an anticipatory mechanism preparing the intestine for food consumption [33] .
Pept1 transporter is also expressed during fetal development, increases after birth and peaks at 3-5 days after birth and declines until weaning [27] . PEPT1 transporter is considered to resist malnutrition [28] , improving nitrogen absorption by the animal when there is little offering of nutrients. In fact, the level of PEPT1 is increased after a brief fast as well as sustained starvation and malnourishment [29] .
The lack of information on transporter activity and expression in animals subjected to intrauterine feed restriction invalidates comparisons with other studies. However, food restriction at different ages after birth causes alterations in PEPT1 levels [29, 30] that are attributed to the higher number of mature enterocytes in the intestinal epithelium that result from mucosal atrophy and cell turnover reduction along the villus-crypt axis [26] .
The results obtained in the present study cannot be attributed to such atrophy since the PR3 and PR16 rats had higher intestinal proliferation and transporter immunoreactivity than those of the control animals. These responses are in accordance with the 'thrifty phenotype hypothesis', which states that poor nutrition in intrauterine life produces adaptive responses that allow the fetus to maximize nutrient uptake and maintenance [31] . This theory, which can also be applied to our results, was proposed to explain the conservative metabolism and metabolic syndrome observed in individuals subjected to intrauterine food restriction that received regular feeding after birth.
Both cell proliferation and increased transporter levels are physiological adaptations that enhance intestinal capacity for nutrient uptake. In fact, whereas alterations in proliferation and migration of enterocytes and in mucosal surface area are considered non-specific adaptive changes, those in density of transporters are considered specific [32] [33] [34] . The increased transporter levels are important to individuals receiving poor nutrition, but not suitable for those fed adequate or excessive amounts of nutrients after birth [31] whose intestinal changes may lead to obesity.
Regulation of intestinal absorption involving changes in GLUT2 and SGLT1transporters has been observed in physiological and pathological conditions. Sugar absorption can triple within minutes in mice after consumption of a fructose-rich meal [35] and also in diabetic and obese individuals [36] . The increased glucose absorption observed in healthy individuals after high sugar intake is partially explained by GLUT2 recruitment to the enterocyte BBM [37, 38] . However, the GLUT2 apical position that is transient in healthy individuals became permanent in obese [36] and insulin-resistant mice [39] , boosting the sugar absorption.
Overexpression of SGLT1 is observed in animals fed on a carbohydrate diet and in obese mice [9] Moreover, the SGLT1 protein levels are approximately 4-fold higher in diabetic patients in comparison with control individuals [40] . Table 5 Transporter mRNA abundance (relative units) of 3-and 16-week-old rats born to dams fed a hypoproteic (6 % protein) or a normoproteic (17 % protein) diet during pregnancy Values are means + − S.E.M. The number of replicates varied between 4 and 8. Statistical analysis was performed using ANOVA for log-transformed data. Data were normalized against β-actin, with results expressed relative to the control sample using the 2
Ct method (where C t is cycle threshold) with efficiency correction. n.s., not significant. The overweight observed in individuals that show acceleration in intestinal sugar absorption can be explained by an excessive insulin release, fat deposition and repeated glucose uptake [41] .
Rats born to protein-restricted dams showed higher adiposity index at 16 weeks of age although their body weight was similar to that of the control group. Dissociation between body weight and adiposity index was also observed by Lopes et al. [42] when they studied the obesity caused by salt restriction during the perinatal phase. The present study did not aim at understanding the mechanisms of such dissociation, but further research on this subject would be worth developing.
We could not find any other studies investigating the effects of fetal programming on mRNA expression of intestinal transporters. However, up-regulation of PEPT1 and SGLT1 mRNA expression occur in different animals submitted to fasting [30, [36] [37] [38] [39] [44] [45] [46] . Such studies show a correlation between mRNA abundance and PEPT1 expression, indicating pretranslational regulation. Our results also reveal a transcriptional control of SGLT1, but not of GLUT2.
The observed differences between animal age and mainly among intestinal segments were interesting and coherent with the significant variations in gene expression within the same cell type that occur along the cephalocaudal (horizontal) axis of the intestine.
In rats, a developmental decrease in transporter in the epithelium and also in isolated enterocytes or apical membrane vesicles is observed [32] . Although the mechanisms responsible for this alteration remain poorly defined, it could explain the higher mRNA observed in the jejunum and ileum of younger animals.
Changes confined to proximal intestine were found in other studies about the effect of feed restriction. In fact, Pept1 mRNA expression was reported to be more pronounced in the upper region of small intestine of starved animals [28] . The fructose absorption is also higher in the duodenum of animals feed-restricted for 24 and 270 days [33] . Furthermore, the role of proximal small intestine in glucose homoeostasis has been highlighted and its effect attributed to intestinal sweet taste receptors abundantly expressed in this region [40] [41] [42] [43] [44] [45] [46] [47] . However, the differential response of duodenum requires further investigation.
In conclusion, the present study extends the knowledge available on intestinal adaptation and enteroplasticity, which is considered a paradigm for the interaction between genes and the environment [11] . The results showed that changes in the adult small intestine can be programmed during gestation, comprising up-regulation in transporter gene expression and intestinal proliferation. Further studies are necessary to determine if both protein expression and protein activity occur in parallel with the changes observed at the transcript level.
CLINICAL PERSPECTIVES
r A growing body of evidence suggests that gestational undernutrition, a condition still present in many countries, may cause a number of disorders in adulthood, including obesity. According to the hypothesis of fetal origins of adult disease, a fetus facing malnutrition would suffer permanent changes in structure and function of various organs which could prepare it for extrauterine life. Such changes, considered to be advantageous in fetal life, could lead to disease later in life.
r In the present study, we verified that adult rats born to proteinrestricted dams show intestinal alterations such as increase in enterocyte proliferation and, more specifically, in nutrient transporters gene expression. The latter could lead to an adaptive increase in absorption rates which fosters the development of obesity.
r If confirmed, the knowledge of this mechanism would improve the treatment of programmed obesity that could involve the reversion of increased transporter activity, among others. 
